Interleukin-3 (IL-3). granulocyte-macrophage colony-stimulating factor (GM-CSF), and IL-5 are major hematopoietic cytokines produced by activated T cells and exhibit similar biologic activities by signaling through a common receptor subunit (pc). Mice lacking p c show a pulmonary alveolar proteinosis-like disease and reduced numbers of peripheral eosinophils, which are explained by the lack of GM-CSF and IL-5 function, respectively. However, pc-deficient hematopoietic cells do respond t o IL-3 normally, probably through an additional p subunit of the IL-3 receptor (plu) that is present in the mouse. Thus, almost normal hematopoiesis in pc-deficient mice may be caused by functional redundancy between IL-3 and GM-CSF. To clarify the role of the entire IL-J/GM-CSF/ILQ system in hematopoiesis in vivo, we crossed the p c mutant mice with mice deficient for IL-3 ligand t o generate mice lacking the entire IL-B/GM-CSF/IL-B functions. The double-mutant mice were apparently normal NTERLEUKIN-3 (IL-3), granulocyte-macrophage col-I ony-stimulating factor (GM-CSF), and IL-5 exhibit a number of similarities in signal transduction mechanisms as well as in biologic functions. IL-3 stimulates the development of various lineages of hematopoietic cells, at least in colony assays, by interacting with immature multipotential hematopoietic progenitors as well as with lineage-committed progenitors and thus was originally referred to as multi-CSF.' GM-CSF, originally defined as a factor that stimulates colony formation of granulocytes and macrophages, is now known to share many of the functions of IL-3.' Although IL-5 was cloned as a B-cell differentiation factor in mice,3 it appears to have a role in the development of eosinophils in both mice and humans, an activity shared by IL-3 and GM-CSF. 4 These three cytokine genes are closely linked on human chromosome 5 and mouse chromosome 11, and are expressed by activated T cells and mast cells.' As these cytokines are not normally produced in bone marrow (BM), it has been believed that they play a major role in expansion of hematopoietic cells in urgent situations such as inflammation and immune responses. ' Molecular cloning of the receptor subunits has explained and fertile. The severity of the lung pathology in the pc/lL-3 double-mutant mice was the same as that of thepc mutant mice. The double-mutant mice showed normal hemodynamic parameters except for reduced numbers of eosinophils and the lack of eosinophilic response t o parasites, which were also found in p c mutant mice. The immune response of the pc/lL-3 double-mutant mice t o Listeria monocytogenes was normal, as was hematopoietic recovery after administration of the cytotoxic drug, 5-fluorouracil. Although it has been believed that IL-3/GM-CSF/IL-5 produced by activated T cells play a major role in expansion of hematopoietic cells in emergency, our results indicate that the entire function of IL-3/GM-CSF/IL-5 is dispensable for hematopoiesis in emergency as well as in the steady state. Thus, there must be an alternative mechanism t o produce blood cells in both situations.
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at least some of the similarities of biologic function and signal transduction. The high-affinity receptors for human IL-3, GM-CSF, and IL-5 are composed of two subunits, a and p.' .' The a subunits are specific for each cytokine and bind their ligand with low affinity. The human has only one type of 0 subunit (pc), which has no binding capacity by itself but forms high-affinity receptors for IL-3, GM-CSF, and IL-5 with their respective a subunits. In contrast to the human, the mouse has two homologous p subunits, pc and pIL3, which were previously termed AIC2B and AIC2A, respe~tively.',~ They are 56% identical to the human ,6c at the amino acid level. Like the human Pc, the mouse p c is the common p subunit for mouse IL-3, GM-CSF, and IL-5 receptors. Although pIL3 has an extensive sequence homology with mouse pc (91% identical at the amino acid level), PIL3 does not form a high-affinity receptor with the mouse IL-5 or mouse GM-CSF a receptors. Both /3c and p I L 3 interact equally well with the mouse IL-3 a subunit in the presence of IL-3 to form high-affinity IL-3 receptors and to transmit a proliferation signal. Io We previously reported generation and analysis of the mice lacking either of the two p receptor genes." A second independent generation of these mice confirmed many of these Mice lacking the pc receptor showed a pulmonary alveolar proteinosis-like disease, a phenotype similar to that of GM-CSF-deficient mice.'"'' The number of peripheral eosinophils of the pc-deficient mice was markedly reduced and these mice lacked eosinophilia in response to parasitic infections, consistent with IL-5 as the major signal necessary for eosinophil development and response. However, the ,&-deficient hematopoietic cells responded to IL-3 normally, as mice express an additional IL-3 receptor p subunit (PIL3). Mice lacking pIL3 showed a normal phenotype and mutant cells responded to IL-3 normally, probably through Pc. Therefore, pc and PIL3 are redundant in terms of IL-3 signaling. To understand the role of the entire IL-3/ GM-CSF/IL-5 system in hematopoiesis, it is necessary to generate mice lacking both pc and PlL3. Because 
MATERIALS AND METHODS
Generation of pc/ZL-3 double-mutant mice. Pc mutant mice were generated on a hybrid background (129 X C57BL/6 F2) and also on a 129/Sv background. IL-3 ligand mutant mice were generated on a 129/Sv background by placing a frameshift mutation in exon 1 and deleting exon 2, thus ensuring that no functional IL-3 could be generated (P.J.M. and V.L.J.T., manuscript in preparation). IL-3 mutant mice were bred with Pc mutant mice on the two different genetic backgrounds and their offspring were screened for detection of double-heterozygous mice. Double-heterozygous mice were intercrossed to generate double-homozygous null mice. Double-mutant mice were intercossed to avoid the matemal transfer of IL-3 to the offspring. Double-mutant mice were generated both on hybrid and 129/Sv backgrounds, but all experiments were performed for mice on the hybrid background. Mice on a 129/Sv background also showed a similar pathology. Genotyping was performed by Southem blot analysis using tail DNA.
Visceral organs were fixed with 3% formaldehyde and processed for paraffin-embedded sectioning at 5 pm in thickness, followed by staining with hematoxylin and eosin.
Total leukocytes, hemoglobin, and platelet estimates were performed on tail-bled samples using a System 9010 CP blood analyzer (Serono, Allentown, PA). Manual 300-cell leukocyte differential counts were performed on WrightGiemsa-stained smears. Methyl cellulose colony assays were performed as described." CFU-S assay was performed as described."
Mice were injected subcutaneously with 500 third-stage N brasiliensis larvae, as de-
Znfection with L monocytogenes. We followed the protocol described previou~ly.~' Briefly, a frozen stock of L monocytogenes was thawed and resuspended to phosphate-buffered saline (PBS) so that 100 pL contained required number of bacteria. Mice were injected intravenously with 100 pL of bacterial solution and bled at days indicated.
Pathologic examination.
Hematologic examination.
Infection with Nippostrongylus brasiliensis.

RESULTS
Pc/IL-3 double-mutant mice showed pulmonary alveolar proteinosis-like pathology. PcIIL-3 double-mutant mice were born at the expected Mendelian frequencies. They were apparently normal and fertile. Their offspring were again apparently normal and fertile and these mice were subjected to analysis.
Pathologic examinations of PcIIL-3 double-mutant mice showed an abnormal lung pathology, which consisted of intraalveolar proteinacious substance and peribronchovascular lymphocytic infiltration (Fig 1) . The intraalveolar substance was initially focal and scattered, then progressed to a periodic acid Schiff s reaction (PAS)-positive homogeneous substance, and was associated with expanded foamy pulmonary alveolar macrophages, as described in our previous The pathology described above was also detected in Dc receptor mutant mice and the severity and the progress of the disease were almost the same as those of the doublemutant mice. We have recently shown that this disease in Pc mutants was hematopoietic in nature and probably caused by malfunctioning of pulmonary alveolar macrophages." The present data indicate that development of this lineage is not further affected by the additional loss of IL-3.
No abnormalities were found in the other organs. Although IL-3 is a potent mast cell growth factor, normal numbers of peritoneal and gastrointestinal mast cells were observed (data not shown). IL-3 is reported to be expressed in the central nervous system" and Pc is expressed in testes (unpublished observation), but no apparent abnormalities were found in these organs.
Pc/lL-3 double-mutant mice had reduced eosinophils but otherwise normal hematopoiesis. Examination of peripheral blood from &EL-3 double-mutant mice showed reduced numbers of eosinophils but other blood parameters (total leukocytes, differentials, hemoglobin, and platelets) were normal ( Table 1) . BM, spleen, and peritoneal cellularities were also normal (data not shown). Peripheral eosinophils were reduced to a level similar to that of Pc mutant mice, but there still existed a small number of morphologically normal eosinophils, indicating that eosinophils can be generated in the absence of IL-3, GM-CSF, and IL-5.
BM progenitor numbers were assessed by methyl cellulose colony-forming unit (CFU) assay from wild-type, Pc mutant, or P c m -3 double-mutant cells. No colonies were formed in the presence of GM-CSF or IL-5 from Pc mutant or doublemutant cells, which was predicted from the Pc mutation. The numbers of colonies from Pc mutant or @c/IL-3 doublemutant cells in the presence of IL-3 or IL-3 plus erythropoietin were not significantly different (data not shown). Spleen colony-forming unit (CFU-S) assay was also performed, and day 8 and day 12 CFU-S were similar for both of the wild type (WT) and the P c m -3 double-mutant (KO) (day 8 [n = 61 WT 9.7 t 2.2, KO 9.6 2 1.5; day 12 [n = 71 WT 7.1 2 1.6, KO 7.1 ? 1.9).
Pch'L-3 double-mutant mice lacked eosinophilic responses to parasites. Because PcEL-3 double-mutant mice showed reduced numbers of eosinophils, these mice were challenged, along with the wild-type mice and Pc mutants, with N brasiliensis, a nematode that induces Th 2 type response resulting in peripheral and lung eosionophilia.I8 No eosinophilia was detected in the blood of either PcIIL-3 or Pc mutants (Fig 2) , nor in the lung tissue (data not shown). No difference was observed between the response of the PcIIL-3 double-mutants and that of Pc mutants, indicating that IL-3 does not contribute to parasite-induced eosinophilia. It now seems clear that this response is primarily mediated by IL-5 interacting through Pc. 22.23 Pc/IL-3 double-mutant mice responded normally to bacterial infection. Because IL-3, GM-CSF, and IL-5 are produced by T cells to a much greater extent after stimulation, they have been considered to be involved in situations requiring a rapid expansion of hematopoietic cells, such as infections and recovery from cytoablative treatment.' Therefore, Pc/IL-3 double-mutant mice were injected, along with the wild-type mice and Dc mutants, with L monocytogenes intravenously ( 104/mouse). L monocytogenes is a facultative intracellular bacterium that primarily infects macrophages and For personal use only. on October 22, 2017. by guest www.bloodjournal.org From hepatocytes in the mouse. Both innate and adaptive mechanisms are known to be responsible for immunity against L monocytogenes. Granulocyte and macrophages are implicated in the initial protection against L m o n o c y t~g e n e s .~~~~~ However, the survival rate for 2 weeks (data not shown) and the increase of granulocyte (Fig 3A) and monocyte ( Fig  3B) numbers at day 1 and day 6 postinfection were not significantly different among the three groups of mice, indicating that innate immunity is normal in the absence of the IL-3/GM-CSF/IL-5 stimulatory system. We then tried a twostep challenge of L monocytogenes to investigate the role of the adaptive immunity in these mice. is achieved without IL-3, GM-CSF, and IL-5 (data not shown).
pc/lL-3 double-mutant mice responded normal!\! to cytotoxic drug. As another emergency response model, we examined the hematopoietic cell recovery in the blood of the mutant mice after cytotoxic drug administration. Mice were injected with 150 mgkg of 5-fluorouracil (5-FU) intravenously and the peripheral blood counts were followed for 12 days (Fig 4) . There was no statistical difference in the kinetics of the recovery among the three groups, again indicating that emergency hematopoiesis takes place in the absence of IL-3, GM-CSF, and IL-5.
DISCUSSION
IL-3, GM-CSF, and IL-5 are potent cytokines that support in vitro colony formation of hematopoietic cells. In particular, IL-3 and GM-CSF stimulate various lineage-committed progenitors as well as multi-potent progenitors. Because these cytokines are rarely detected in BM stromal cells and are rapidly produced by T cells in response to antigen stimulation, it has been suggested that they play a major role in expansion of hematopoietic cells in an urgent situation such as inflammation and during immune
To understand the role of these cytokines in hematopoiesis, mice deficient for each of the individual cytokines have been generated. However, they lack serious hematopoietic abnormalities in the BM. GM-CSF-deficient mice have no apparent defect in hematopoiesis but show pulmonary alveolar proteinosis-like disease.'".'' IL-5-deficient mice show no significant hematopoietic defect except for reduced numbers of eosinophils." IL-3-deficient mice show normal hematopoiesis (P.J.M. and V.L.J.T., manuscript in preparation). This is consistent with the finding that there are several laboratory mouse strains whose hematopoietic cells show hyporesponsiveness to IL-3 because of extremely low-level expression of the IL-3 receptor a subunit (IL-3Ra). The naturally occurring mutations were found to be caused by an alternative splicing of the IL-3Ra mRNA because of a small deletion in the IL-3Ra gene."'.-" If IL-3. GM-CSF, and IL-5 were critical for hematopoiesis, these findings could be explained by functional redundancy, because the three cytokines share pc and induce similar signals and patterns of protein As a first step to address this question, we previously generated mice deficient for pc." The mutant mice showed complete loss of response to both GM-CSF and IL-5, but had normal response to IL-3. This was expected because the mouse has two p subunits for IL-3 (pc and PIL3), both of which can transmit full signals in response to IL-3. To eliminate functions of all the three cytokines. it is necessary to eliminate all means of generating the common signals downstream of the p receptors. This is not easily achieved by crossing the pc mutant and pIL3 mutant mice because these two genes are closely linked on the same chromosome. As an alternative we crossed the pc mutant mice with the IL-3 mutant mice to eliminate the entire IL-3/GM-CSFAL-5 system. as the IL-3 ligand gene is located on a different chromosome than the pc gene.
Surprisingly the double-mutant mice lacking pc and IL-3 were apparently normal and fertile. pcAL-3 double-mutant mice showed a very similar phenotype to the pc mutant mice, indicating that the introduction of an IL-3 mutation did not exacerbate the major phenotypes found in pc mutant mice (pulmonary alveolar proteinosis-like disease and reduced eosinophil numbers and responses). Aside from these phenotypes the results presented here show that the IL-3/ GM-CSFAL-5 system is dispensable for the steady-state hematopoiesis. Thus, other mechanisms for controlling blood cell development must exist.
Human has one pc receptor, but no pVL3. We have identified human patients who had greatly reduced pc expression on peripheral blood cells (U. Dirksen, R.N., P. Groneck, L. Nogee, R.M., and S. Burdach, manuscript submitted for publication). Therefore, the mutation in the human pc receptor would eliminate the entire IL-3/GM-CSF/IL-5 system, a situation that would be similar to the BcAL-3 double-mutant mice. The major symptom of these patients was pulmonary alveolar proteinosis, the pathology of which was very similar to pc mutant and PcAL-3 double-mutant mice. These individuals had no apparent hematopoietic abnormalities, which is consistent with the phenotype of PcAL-3 double-mutant mice described in this report. Of significance to the human disease state is our recent finding that pulmonary alveolar proteinosis-like disease in the pc mutant mouse model is probably caused by malfunctioning of alveolar macrophages, and the disorder can be cured by BM transplantation.'" IL-3 and GM-CSF are very potent growth factors that stimulate colony formation of multiple lineages in in vitro assays. Increased production of IL-3 and GM-CSF from activated T cells has led to a hypothesis that these cytokines For personal use only. on October 22, 2017 . by guest www.bloodjournal.org From may be important under situations of hematopoietic stress.' Therefore, we performed a bacterial challenge and cytotoxic drug treatment to pc and BcllL-3 mutants.
L monocytogenes is a facultative intracellular bacterium that primarily infects macrophages and hepatocytes in the mouse. Numerous cytokines have been shown to influence resistance to this bacterium, including interferon-y, tumor necrosis factor-a, IL-1, and IL-6.'9.35"7 Both innate and adaptive immunity are involved in the protection from L monocytogenes infection. However, no difference was observed during a primary response among pcAL-3 double-mutants, pc mutants, and their wild-type controls, indicating that the innate immune response is normal in all these animals. Adaptive immune responses, determined by rechallenging animals immunized against L monocytogenes, was also normal in the absence of IL,-3/GM-CSF/IL-5 functions.
5-FU is a well-known cytotoxic drug which eliminates proliferating hematopoietic cells leading to myelosuppression. IL-3 and GM-CSF are capable of enhancing leukocyte recovery postchemotherapy . 38 Therefore, it is reasonable to expect that leukocyte recovery from 5-FU treatment might be affected in mice lacking the L -3 and GM-CSF system. However, the recovery kinetic of the PcIIL-3 double-mutant mice was the same as the wild-type controls, suggesting that while IL-3 and GM-CSF are useful agonists to enhance blood recovery, they do not play an obvious physiologic role.
The results presented in this report indicate that hematopoiesis takes place even in the complete absence of IL-3, GM-CSF, and IL-5 both in steady state and in the two emergency situations evaluated. This indicates that essential early phases of hematopoiesis, and rapid hematopoietic responses in emergency situations, must be dependent on other mechanisms.
